The ST9 strain of beet western yellows virus (BWYV ST9) is unique among BWYV strains because it encapsidates not only its 5.6-kb genomic RNA but also a 2.8-kb RNA of distinct nucleotide sequence, designated as the ST9-associated RNA. We obtained isolates of BWYV ST9 that are free of the associated RNA by transfecting Nicotiana tabacum protoptasts with transcripts of an ST9 genomic cDNA clone. Aphids were fed on extracts of infected protoplasts and were transferred to young Shepherd's Purse (Capse/la bursa-pastoris) plants. When the protoplast inoculum was ST9 genomic transcript or virion RNA of the L-1 strain of BWYV {free of the associated RNA), symptoms were mild and characteristic of BWYV L-1. When ST9-associated RNA was included in the inoculum with genomic RNA of either source, subsequently infected Shepherd's Purse plants showed the severe symptoms that are characteristic of BWYV ST9. Inclusion of ST9-associated RNA in the inoculum with ST9 genomic RNA increased the accumulation of capsid antigen and ST9 genomic RNA, relative to infections initiated with ST9 genomic RNA alone. Using gold-labeled anti body and electron microscopy, we assessed the distribution of virions in Shepherd's Purse plants. Regardless of whether the associated RNA was present, sites showing immunoreactivity above background levels were restricted to the phloem, suggesting that the increased BWYV ST9 titer and symptom severity that are correlated with the presence of the ST9-associated RNA are not due to escape of the infection from phloem limitation. © 1994 Academic Press, Inc.
INTRODUCTION
Beet western yellows virus (BWYV) is a member of the luteovirus group (Waterhouse et al., 1988) . The ge nome of BWYV, like those of other luteoviruses, con sists of a single-stranded, plus-sense RNA (gRNA) of about 5.6 kb (Veidt et al . . 1988) . However, encapsi dated RNA of the ST9 strain of BWYV (BWYV ST9) in cludes not only the genomic RNA (ST9gRNA) but also a subviral RNA, the ST9-associated RNA (ST9aRNA), both of which are encapsidated within the BWYV ST9 capsid (Falk and Duffus, 1984; Falk et al., 1989; Chin et al., 1993) . The ST9aRNA nucleolide sequence con tains three large open reading frames (ORFs) that can yield one 82-kDa protein when translated in vitro. Anal ysis of the deduced amino acid sequence of these ORFs indicates two significant regions of homology with RNA-dependent RNA polymerases of carmo-like viruses (Chin er al., t 993). The 2.8-kb ST9aRNA is not homologous with the BWYV genomic RNA, but was shown not to be a satellite RNA. RNA transcribed from a cDNA clone of the ST9aRNA replicated when elec troporated into protoplasts and. when rub-inoculated without ST9gRNA, replicated in inoculated leaves of 1 To whom reprint requests should be addressed.
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Shepherd's Purse (Capsella bursa-pastoris) plants. However, the progeny ST9aRNA was not detected in other than the inoculated leaves, indicating that it did not spread systemically in the inoculated plants (Pass more et al., 1993) .
BWYV-ST9 induces more severe symptoms and ac cumulates to a higher titer than other BWYV isolates when infecting Shepherd's Purse, a standard BWYV indicator plant (Falk and Duffus, 1984) . In Shepherd's Purse, the titer of BWYV ST9 is approximately 8-to 10-fold greater on a fresh-weight basis than that of the mild L-1 strain (BWYV L-1, an isolate from California lettuce; Falk and Duffus, 1984; Chin et al., 1993) . Gen erally, luteovirus infections develop to a low titer and spread only within the phloem of their host plants (D'Arcy and de Zoeten, 1979) . Transmission of the virus from plant to plant has not been accomplished by mechanical inoculation but requires a specific aphid vector (e.g., Waterhouse et al., 1988; Martin et al., 1990) . Using aphid-mediated transmission of virions purified from inoculated protoplasts, we have initiated the replication in Shepherd's Purse plants of lhe ST9gRNA and the L-1 gRNA both alone and in associa tion with the ST9aRNA and have assessed the severity of induced symptoms and the tissue-tropism of the re sulting infections.
MATERIALS AND METHODS
Inoculation of protoplasts with transcripts and extraction of accumulated RNA and virions BWYV isolates and their maintenance have been de scribed (Falk et al., 1989; Chin et al., 1993) . BWYV virions were extracted and purified from infected Shep herd's Purse foliage by the method of Falk and Duffus (1984) . RNA was purified from virions of BWYV ST9 and BWYV L-1 (Falk and Duffus, 1984) . Infectious tran scripts of the ST9gRNA (tST9gRNA, transcribed in the presence of cap analogue) and the ST9aRNA (tST9aRNA) were prepared using plasmids pBW7120-7 and pST9106-8, respectively, as templates (Pass more et al., 1993) . Concentrations of transcripts were estimated by comparison with standards after gel elec trophoresis through 0.8% agarose and ethidium bro mide staining. Protoplasts, derived from rapidly grow ing tobacco suspension cell cultures (Nicotiana taba cum cv. Xanthi nc), were inoculated by electroporation and were extracted to obtain RNA, all as described (Passmore et al., 1993) .
Virions were extracted from protoplasts 5 days after electroporation for use in aphid transmission bioas says. The protoplasts were collected by centrifugation (4 min at approximately 900 g) and homogenized in 5 vol of extraction buffer (100 mM potassium phosphate buffer, 10 mM glycine, pH 7 .0) in a 3-ml glass homoge nizer. The homogenate was centrifuged at 7650 g for 10 min. The supernatant was collected and centri fuged at 175,000 g for 1. 5 hr. The sedimented virions were resuspended in 300 µI extraction buffer contain ing 1 0% sucrose.
Inoculation of plants and analysis of accumulated

RNA and virions
Routine transmission of BWYV from plant to plant by aphids (Myzus persicae) was as described (Falk er al., 1989; Chin et al., 1993) . Viruses were transferred from infected protoplasts by purifying virions and transmit ting them to Shepherd's Purse (six plants per treat ment) using aphids and an artificial membrane feeding system as described by Falk er al. (1979) .
Relative titers of BWYV capsid antigen in either to bacco protoplasts or Shepherd's Purse plants were determined using a double antibody-sandwich, en zyme-linked immunosorbent assay (Clark and Adams, 1977) . Samples were plant extracts or crude virion preparations from electroporated protoplasts. Crude leaf extracts were obtained by grinding 0.1 g leaf tis sue/ml extraction buffer [15 mM sodium phosphate buffer, pH 7.0, 0 5% Tween 20, 1 % polyvinyl pyroli done 40 (Sigma Chemical Co., St. Louis, MO), 0.1 % chicken egg albumin (Sigma Chemical Co.)] in a glass homogenizer. Microtiter plates were coated with polyclonal rabbit-anti-BWYV virion antiserum at a 1: 1 000 dilution. The second antibody was monoclonal mouse anti-BWYV virion antibody (MCH 51 Oh-A, at a 1 :5000 dilution, kindly supplied by Dr. R. Martin and D'Arcy, 1990) . Detection of the bound anti-BWYV monoclonal antibody was by a goat anti-mouse lgG conjugated with alkaline phosphatase (Bio-Rad, Her cules, CA) using p-nitrophenyl phosphate as substrate. Phosphatase activity was monitored at 405 nm using a Vm,, kinetic microplate reader (Molecular Devices, Menlo Park, CA). lmmunofluorescent staining of proto plasts infected with BWYV ST9 was done by the method of van Lent et al. (1991) ; antibody generated against BWYV virions was used as the primary anti body.
For dot blot hybridization analyses, RNAs were ex tracted (100 mg of each tissue) according to the method of Ausubel er al. (1987) . RNAs were applied to Hybond W blotting membrane (Amersham Corp., Ar lington Heights, IL) using a microsample filtration mani fold (Schleicher and Schuell, Keene, NH) following the manufacturer's instructions. Membranes were rinsed in 2 x SSC and baked for 1 hr at 80°. Viral RNA extracts were denatured, separated by gel electrophoresis, blotted, and characterized by hybrid ization analysis. Three-microliter aliquots of sample RNAs were diluted to 12 µI with a solution of 45% di methyl sulfoxide, 7% deionized glyoxal, 1.25 mM EDTA, 25 mM HEPES (N-[2-hydroxyethyl] piperazine N-[2-ethane sulfonic acid]), pH 7.0. Samples were in cubated at 55° for 1 hr, and samples were electrophor esed at t O Vlcm through 1 % agarose in 20 mM sodium HEPES, 1 mM EDTA, pH 7.0. The gels were blotted to Hybond W nylon membrane in 50 mM NaOH for 3-4 hr, rinsed in 6X SSC, and air dried. Probes were la beled by incorporation of [a-32P]rCTP generated as de scribed by Passmore et al. (1993) . Blots were hybrid ized with probes and washed according to the method of Amasino (1986) .
Tissue cryofixation, freeze substitution, and sectioning
Leaf samples of about 1 mm' were cryofixed by a propane jet freezing procedure (Ding er al., 1991 ) . The samples were immersed in 20 mM morpholinoethane sulfonate (pH 5.5) containing 2 mM CaCl2, 2 mM KCI, and 0.2 M sucrose for 5 to t 0 min. After incubation, the samples were frozen in a RMC Model 7200 propane jet freezer (Research and Manufacturing Co., Tucson, AZ). Frozen samples were freeze substituted, as per Ding et al. (1991 ) , with 2% glutaraldehyde in acetone at -90° for about 36 hr, at -20° for 8-9 hr, and at 4° overnight. The samples were then transferred to eth anol at 4 ° for 2-3 hr, brought to room temperature, and incubated (2 hr) in each of two additional changes of ethanol before being infiltrated and embedded in L. R.
White resin (Electron Microscopy Sciences, Philadel phia, PA). The resin was polymerized at 50° for 20 hr. Thin sections (70-80 nm) were obtained with a dia mond knife on a Reichert OMU2 ultramicrotome at\d transferred onto copper or nickel slot grids for immu nolabeling experiments.
lmmunogold labeling and electron microscopy
The immunolabeling procedure followed that of Ding et al. (1992) . BWYV virions were localized using rabbit anti-BWYV virion polyclonal lgG as the primary anti body and goat anti-rabbit lgG conjugated to 15-nm gold particles (Sigma Chemical Co.) as the secondary antibody. Two types of control experiments were con ducted. In one, sections from noninfected plants were subjected to the same immunolabeling procedure, while in the other the primary antibody was omitted from the procedure. All sections were examined with a Philips EM 41 0 LS electron microscope operating at 80 kV.
RESULTS
Accumulation of BWYV genomic and subgenomic
RNA in protoplasts
The virion RNAs (vRNAs) of BWYV ST9 (i.e., ST9gRNA and ST9aRNA) and of BWYV L-1 (L-1 gRNA), as well as the virions themselves, were infectious when electroporated into tobacco protoplasts. Anti body against BWYV virions, applied in an indirect im munofluorescence assay, generated a signal in approx imately 40% of protoplasts 24 hr after they were electroporated with ST9 BWYV vRNA; immunofluores cence was not detected for protoplasts electroporated in buffer alone (data not shown). Hybridization analysis of extracts from these protoplasts (Passmore et al., 1993) showed that BWYV genomic and subgenomic RNAs were detected 24 hr after electroporation, with trace amounts being detected at 6 hr.
Protoplasts were electroporated with various combi nations of BWYV RNAs either as transcripts (tST9gRNA, tST9aRNA) or as virion RNAs of BWYV ST9 (ST9vRNa) or L-1 (L-1 vRNA). Both tST9-aRNA and tST9-gRNA increased in protoplasts (as seen by Pass more et al., 1993) as did the virion RNAs. Blot hybridiza tion analysis of RNAs extracted from protoplasts 30 min after electroporation did not detect the presence o1 either genomic or associated RNAs. Blot hybridization analysis of RNAs extracted from protoplasts 3 days after electroporation (data not shown) confirmed the presence of the appropriate genomic and associated RNAs and indicated that the transfections were suc cessful.
Transfer of protoplast-derived infectivity to Shepherd's Purse by aphid transmission Five days after electroporation separate virion prepa rations containing the seven combinations of RNAs a Symptoms on Shepherd's Purse: "Mild" indicates mild yellow ing typical of infections by BW'N strains other than ST9; "Severe" indicates symptoms typical for infections by BWYV-ST9 which in cludes both yellowing and severe stunting. ''None'' indicates no ap parent symptoms. described in Table 1 were obtained from protoplast suspensions and were fed to aphids for transmission. Ten to 20 aphids were transferred to each young Shep herd's Purse plant. Characteristic BWYV infection symptoms resulted about 3 weeks after inoculation (Fig. 1 ) . Differences in symptom severity were corre lated with the presence or absence of the ST9aRNA. Plants exposed to inoculum derived from BWYV geno mic RNA (either L-1 vRNA or tST9gRNA) combined w·1th tST9aRNA. or from BWYV ST9vRNA, showed the se vere symptoms typical of infection by BWYV strain ST9: thickened, yellowed leaves, and severe stunting of the plant (Fig. 1, plants 8, C, and D) . Mild symptoms, indis tinguishable from those seen in infections of BWYV L-1 (Fig. 1 E) , were characterized by yellowed and thick ened leaves but not by stunting. Mild symptoms also were observed for infections initiated by virions from protoplasts electroporated with genomic RNAs alone (BWYV L-1 or tST9gRNA. Fig. t, plants A and E) . Thus, the severe symptoms characteristic of BWYV ST9 in fection were seen only in plants infected by both BWYVgRNA and ST9aRNA.
To confirm that the infections presented in Fig. 1 contained the genomic and associated RNA combina tions as initially added to protoplasts for inoculation, RNAs were extracted from infected plant tissue sam-
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F1G. 1. Symptom development in Shepherd's Purse plants inoculated with BWYV virion preparations derived from protoplasts. Virions were purified 5 days after electroporation of 2 x 10 6 tobacco protoplasts per sample with transcripts and virion RNAs: A, tST9gRNA (2 µg); B. BWYV L-1 vRNA (1 µg) plus tST9aRNA (1 µg); C, tST9gRNA (2 µg) and tST9aRNA (1 µg); D, BWYV ST9 vRNA (3 µg); E, BWYV L-1 vRNA (1 µg); G, tST9aRNA (1 µg). V1rion preparations were fed to aphids for transfer using young Shepherd's Purse plants 3 weeks before ptants were photographed. The plant designated F was exposed to nonviruliferous aphids. Plants B, C, and D exhibited symptoms characteristic of infection by ST9 BWYV. pies and were analyzed by dot blot hybridization. Re sults confirmed that the RNAs detected in the inocu lated plants were those expected from the source of protoplasts (Table 1 ) . As expected, protoplasts elec troporated with tST9aRNA alone, and therefore with out a source of coat protein, did not generate ST9aRNA in Shepherd's Purse plants as a result of the aphid transfer procedure and did not induce symptoms (Fig. 1 , plant G; Table 1 ).
Effect of the ST9aRNA on BWYV titer and on
ST9gRNA accumulation
The relative BWYV antigen concentration in proto plasts (2 x 106 protoplasts per electroporation sample) electroporated with approximately 2 µg tST9gRNA and 0.5 µg tST9aRNA was compared to that of protoplasts electroporated with 2 µg of tST9gRNA alone. ELISA values derived from 1 05 protoplasts were approxi mately 4-fold greater (absorbance at 405 nm/g fresh weight) in extracts from cells that had been electropor ated with both tST9gRNA and tST9aRNA as compared to cells electroporated with tST9gRNA alone. Five days after electroporation, virions were extracted from the remaining protoplasts and were used for aphid trans mission bioassay to young Shepherd's Purse plants. The concentration of virions from cells electroporated with tST9gRNA and tST9aRNA were adjusted to be half the concentration of virions from protoplasts elec-troporated with tST9gRNA alone. Four plants were as sayed for each virus preparation. Samples also were collected from plants exposed to nonviruliferous aphids. Twenty-seven days after inoculation the plants were harvested and the relative concentrations of BWYV antigen were determined. In plants inoculated with BWYV virions from protoplasts receiving ST9gRNA and ST9aRNA, ELISA values were approxi mately 4.5-fold greater (approximately 9.9 absorbance units/g fresh weight) than those from plants infected with virions containing only the ST9gRNA (2.2 absor bance units/g fresh weight). Thus, the presence of the ST9aRNA was positively correlated with an increase in ST9 BWYV capsid antigen titer in both protoplasts and whole plants.
To determine if the increased BWYV antigen titer ob served in planta was due to increased amounts of ST9gRNA or principally to additional capsids contain ing the ST9aRNA, the amounts of ST9gRNA recovered from plant infections of ST9gRNA co-inoculated with or without the ST9aRNA were compared. Protoplasts (1 x 106 protoplasts per sample) were electroporated with approximately 2 µg tST9gRNA and 1 µg tST9aRNA or with 2 µg of tST9gRNA alone. Five days after electroporation, virions were extracted from the protoplasts and were used for aphid transmission bioassay to young Shepherd's Purse plants. Approxi mately 4 weeks after inoculation the plants were har vested. Total RNA was extracted from plants infected with virions produced in protoplasts which contained ST9gRNA and ST9aRNA, or ST9gRNA alone. Mock ex tract was also made from plants aphid inoculated with extracts made from protoplasts electroporated with only buffer. The relative amounts of ST9gRNA in the infections were determined by dot blot hybridizations of the extracted viral RNAs (Fig. 2) . The amount of ST9gRNA was almost 10-fold greater in infections which contained the ST9aRNA than in those contain ing the ST9gRNA alone ( Figs. 2A and 28) . Similar ex periments using L-1 gRNA and ST9aRNA did not detect an ST9aRNA-induced increase in L-1 gRNA (data not shown).
Localization of BWYV capsid antigen in infected Shepherd's Purse
Previous studies on BWYV in various hosts (Thlaspi arvense and Beta vu/garis) indicated that virions are limited to phloem tissue (D' Arey and de Zoeten, 1979; Esau and Hoefert, 1972) . However, because BWYV ST9 infections and infections from RNA combinations containing the ST9aRNA induced more severe symp toms and had higher virion titers than those lacking the ST9aRNA, we considered it possible that the ST9aRNA might facilitate escape of 8WYV from the phloem. To test this possibility, we identified in in-
. 2. Dot blot hybridizations comparing BWYV ST9gRNA levels in plant tissue infected with virions containing ST9gRNA and ST9aRNA, or ST9gRNA alone. Columns A, 8, and C were hybridized with a probe for ST9gRNA. Columns D, E. and F were hybridized with a probe for ST9aRNA. Total RNA extracts were prepared from infected plants approximately 4 weeks after inoculation. Columns A and D received total RNA extract from ST9gRNA infections. Col umns B and E contain total RNA extract from the co-infection of ST9gRNA and ST9aRNA. Columns C and F contain total RNA extract from infections induced by aphids fed on extract from protoplasts electroporated in buffer only. Samples (1n descending order) repre sent serial dilutions oltotal RNA extracts of 3 µg, 0.3 µg, 30 ng, and 3 ng, respectively. Carrier tRNA (100 µg/ml) was added to all dilutions.
fected leaves the cell types labeled by immunogold electron microscopy, using antibody directed against capsid antigen. Leaf tissue corresponding to three in fection stages was sampled. Young, slightly curled leaves represented an early stage, leaves showing mild yellowing represented an intermediate stage (Fig.   3) , and very yellow leaves represented a late stage.
In all cases, 8WYV virions were detected only within the vascular tissue (Fig. 3 and data not shown) . The vascular parenchyma-bundle sheath interface formed the infection boundary in early and intermediate stages of infections (Figs. 38 and 3C) . Similar results were seen for Shepherd's Purse plants infected by wild-type ST9 virions or by L-1 virions (data not shown). lmmuno labeling was found in immature sieve elements, com panion cells. and phloem and xylem parenchyma ( Gray areas represent cell types in which immunogold labeling by antibody against virions was observed. Scale bar= 3.0 µm. CC, companion cell; SE. sieve element; XE. xylem element; XP, xylem parenchyma cell.
DISCUSSION
We have found that the ST9aRNA is able to replicate in the absence of the ST9gRNA, when electroporated separately into tobacco protoplasts (also, see Pass more et al., 1993). However, no ST9aRNA transmission could be detected in plants to which aphids, fed on extracts of ST9aRNA-electroporated protoplasts, were applied. The lack of a capsid protein encoded by the ST9aRNA (Chin er al., 1993) presumably explains its nontransmissibility to plants by aphids. Passmore et al. (1993) have rub-inoculated young Shepherd's Purse plants with tST9aRNA and found that it repli cated in the inoculated leaves but could not be de tected in noninoculated leaves. Thus long distance movement or plant-to-plant movement of the ST9aRNA by itself is unlikely.
Mild symptoms typical of BWYV strain L-1 were ob served in Shepherd's Purse plants inoculated with pro toplasts transfected with tST9gRNA. The BWYV virion genomic RNA carries a protein covalently linked to its 5' end (VPg), which is necessary for RNA infectivity (Mar tin et al., 1990) . No replication in protoplasts or produc tion of virion particles has been detected when tST9gRNA was produced without a 5' cap and electro porated into protoplasts (Passmore et al., 1993) . Not all transcripts synthesized were capped, nor is it known how well the cap analog functions compared to the VPg of native ST9gRNA. However, the cap may func tionally replace the VPg, perhaps by stabilizing the 5' end of the gRNA. No cap was necessary for the infectiv ity of the ST9aRNA in protoplasts.
Virions produced in protoplasts inoculated with tST9gRNA and tST9aRNA caused severe symptoms when aphid-transmitted to Shepherd's Purse plants. ST9 BWYV titer was higher on a per cell basis in in fected protoplasts and on a per gram fresh weight basis in infected leaves, compared to similar infections initiated without ST9aRNA Work of Passmore et al. (1993) has indicated that BWYV ST9gRNA could be detected earlier and accumulated to greater concen trations in infected protoplasts when the ST9aRNA was coelectroporated with the ST9gRNA. Thus replica tion of the ST9gRNA apparently is enhanced by the presence of the ST9aRNA in tobacco protoplasts. When the ST9aRNA was present, an increased amount of ST9gRNA was observed in plant infections. Increased ST9 BWYV capsid antigen titer was also ob served in protoplasts and infected plants when the ST9aRNA was present. These results suggest that ST9aRNA enhances ST9 BWYV gRNA replication. We do not know whether the increased symptom severity observed for infections which included the ST9aRNA was due to higher viral titer or to an ST9aRNA-encoded protein. In experiments to date, infections initiated with both L-1 gRNA and ST9aRNA showed an increase in symptom severity but, in this case the ST9aRNA-in duced increase in the titer of the L-1 gRNA has not yet been observed.
Our interest in determining the precise extent of BWYV infection within the vasculature arose in part from the observations of Barker (1989) , which showed that co-infection of BWYV with certain unrelated vi ruses caused an increase of the virus titer in compari son to single infections. Barker and others have hy pothesized that increased viral titer in double infections might be due to a release of the luteovirus infection from phloem limitation. allowing the virus to spread and replicate in other plant tissues (Barker, 1987 (Barker, , 1989 Demler et al., 1993) . Carr and Kim (1983) have shown that co-inoculation of the phloem-limited bean golden mosaic geminivirus (BGMV) with sunn-hemp mosaic virus also results in an increase in BGMV titer. This increase was ascribed to the release of BGMV from phloem limitation, allowing the virus to infect the mesophyll (Carr and Kim, 1983) . We hypothesized that the ST9aRNA-facilitated release of BWYV from phloem limitation might account for the higher titer and in creased symptom severity of BWYV ST9. Our results did not support this hypothesis. lmmunolocalization assays of BWYV in Shepherd's Purse plants infected with either (a) ST9gRNA with or without ST9aRNA, (b) the wild-type ST9 BWYV, or (c) the L-1 strain, gave similar results, indicating that the ST9aRNA did not alter the restriction of BWYV to the phloem. 
